Hard QCD at Higher Orders

Sven-Olaf Moch
Sven- A af . Moch@lesy. de

DESY, Zeuthen

— XIX International Workshop on Deep-Inelastic Scattering and Related Subjects, Newport News, April 11, 2011 -

Sven-Olaf Moch Hard QCD at Higher Orders —p.1


http://www-zeuthen.desy.de/~moch
http://www-zeuthen.desy.de/~moch

Historical perspective

JETS IN DIS

e New NLO 3-jet calculation NLOJET++ using dipole subtraction method

Pe rtu rbatlve Q C D | N 200 1 — 7. Nagy, Z. Trocsanyi, IPPP/01/18, hep-ph/0104

e Helicity amplitudes crossed from ete” — v* — 4 jets
— Z. Bern, L. Dixon, D. Kosower, S. Weinzierl, NPB 489 (1997) 3

® NLO QCD calculations —+ J. Campbell, N.Glover, D.Miller, PLB 396 (1997) 257; 409 (1997) 503
. — Z. Nagy, Z. Trocsanyi, PRD 59 (1999) 014020; E: 62 (2000) 099902
s NLOJET++ MC pp — 3jets
e Agrees with DISASTER++, deviates from DISENT for small x g and y
Nagy

e Reduced dependence onscale Qp.g. = % Zj Ejff (7)

# Resummation to (N)LL K, algorithm
higher orders N parton shower = 0 022

- 2 2= 2

PR=HE= R
- ‘LL|§:M2 & /LE:Q?-LS.
,,,,,,,,, MF:M & /,LR:Qf—LS.

# NNLO only for DIS structure 3
functions 3

s just appeared in 02/2001: S
Soft and virtual corrections b:

to pp — H + X at NNLO
Harlander, Kilgore ‘01
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Z. Nagy, Z. Trocsanyi, IPPP/01/18, hep-ph/0104
e Progress in NNLO jet calculations — talk by T. Gehrmann

Sven-Olaf Moch Hard QCD at Higher Orders —p.2


http://www-zeuthen.desy.de/~moch

Historical perspective

. : . . . . y
Parton distributions Uncertainties in pdf’s
# PDFs uncertainties start to e Global analyses (NLO DGLAP)
appear _ _
~ 14 ‘diverse’ experiments ~ 1500 data pts
# PDF fits from: ~ 20+ parameters (starting distributions etc.)
MRST; CTEQ,; Botje,
Alekhin; Giele, Keller, Kosower e Sources of uncertainty
#® PDFs with NLO evolution only 7 statistical
s QCD evolution codes with [] (sj)./ste.Lnatiz expt.derrorzI — (;ften not randomly
O(few%) differences istri the , may depend on theory
[ theory:
» Les Houches 2001.: higher order QCD
benchmarks for NNLO QCD choice of factorization and renormalization scales
evolution accurate to 10~° resummation corrections (In1/z,...)
for 10—8 <1 <09 power law contributions

nuclear target corrections

Salam, Vogt ‘02 L : o
parametrization of starting distributions
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| ntroduction

#® QCD factorization X

S RPN TR
=C:@€Q y §:Q=

1 © 1

- 2 2 2 2
Tpp—X —Z f@ ® f] )® Oij—X ((XS(:LL )7Q y [ ,’ITLX)

# Hard parton cross section ;;_, x calculable in perturbation theory
» known to NLO, NNLO, ... (O(few%) theory uncertainty)

# Non-perturbative parameters: parton distribution functions f;,
strong coupling o, particle masses m x

» known from global fits to exp. data, lattice computations, ...
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Cross section for Higgs production

# Dominant channels for Higgs boson production LHC Higgs XS WG ‘10

\s= 7 TeV

=
o

LHC HIGGS XS WG 2010

=

H weak boson fusion

a(pp - H+X) [pb]
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<
-

Higgs strahlung
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Higher-order corrections

80

; o(pp - H+X) [pb] 1 ¢
601 . My=120Gev | [

o(pp — H+X) [pb]
M,, = 240 GeV

0.2 0.5 1 2 3 0.2 0.5 1 2 3
IJ‘r/MH I'J‘r/MH

# Apparent convergence of perturbative expansion

o NNLO corrections still large
Harlander, Kilgore ‘02; Anastasiou, Melnikov ‘02; Ravindran, Smith, van Neerven ‘03

s improvement through complete soft N°LO corrections s.M., Vogt ‘05
or NNLL resummtion Catani, de Florian, Grazzini, Nason ‘03, Ahrens et al. ‘10

# Perturbative stability under renormalizaion scale variation

Sven-Olaf Moch Hard QCD at Higher Orders — p.5


http://www-zeuthen.desy.de/~moch

Dependence on parton distributions

1800 -
MSTW 7777
1600 [, CTEQ
100 LK ABKM 77 |
1200 5, I
1000 b %, N — |
ool % e
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400 | ‘ - ]
200+ o(gg — H) [fb] "Wx«;;; ——
. PDF's s
100 110 120 130 140 150 160 170 180 190 200

#® NNLO cross section o(g9 — H + X ) at Tevatron with PDF
uncertainties bands at 90%C L
» largest differences in predictions from PDFs and value of o
Baglio, Djouadi ‘10, Baglio, Djouadi, Ferrag, Godbole ‘11
e e.g. at My = 165 GeV:
MSTW +35% higher than ABKM; +4.00 standard deviation
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95% CL Limit/SM

Higgs searches at Tevatron and LHC

=
(@)

A2O T T T T T T T | T T T T | T T T T | T T T T _1
o “r _ _ 1 ]
Tevatron Run Il Preliminary, k 8.2 fi5* RS, 18 CMS, Ns=TTeV, Lint =36 pb -
vatre 2 16 BN o, BR(H > WW —202v),SM ]
= F $5¢ o, - BR(H > WW — 212v), SM4
14 upper limit, observed -
T E --------- upper limit, expected 16 E
g | T upper limit, expected + 26 —
= 10k 3
T g =
1t = f .
[ ~ 6F -
| B4 1
AR I B SO O N . - .21 I
130 140 150 160 170 180 190 2C - Sy o
m,, (GeV/c) 90 200 300 400 500 600

Higgs boson mass [GeV/c?]
Tevatron New Phenomena & Higgs Working Group ht t p: / / t evnphwg. f nal . gov/ (left)

CMS coll. ar Xi v: 1102. 5429 (right)

# Higgs search driven predominantly by gg — H
» large perturbative corrections at higher orders enhance signal

» assumed Higgs signal at Tevatron relies on particular set of PDFs
and value of as (— MSTWO08)
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Progressin perturbative QCD

Perturbative QCD at work

Multiparticle production at NLO
Precision observables at NNLO
Infrared struture of QCD
Resummation

© o o o

Sven-Olaf Moch
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Multiparticle production at NLO

# NLO QCD corrections are essential (important for rates)

s large K-factors; beyond tree level new parton channels may
dominate

s scale uncertainty; e.g. pp — Z(— v) + 4 jets is O(a?) and
A(ab®) ~ 10% gives A(c™©) ~ 40%

Why is it difficult ?

# Outline of a generic NLO calculation

Real corrections Virtual corrections
- subtractions (IR-divergent) + subtractions (IR-divergent)

Cancellation of singularities
Finite partonic cross sections
Phase space integration
Convolution with PDFs
Monte Carlo
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Tools

# Automation of real emission (based on LO event generators)

» Dipole subtraction
SHERPA Gleisberg, Krauss ‘08; MadDipole Frederix, Greiner, Gehrmann ‘08;
TeVJet seymour, Tevlin ‘08; AutoDipole Hasegawa, S.M., Uwer ‘08;
Helac/Phegas Cczakon, Papadopoulos, Worek ‘09;

» Residue subtraction
MadFKS Frederix, Frixione, Maltoni, Stelzer ‘09

o Existing NLO packages feature extensive libraries
MCFM campbell, Ellis; NLOJET++ Nagy, Trocsanyi

# Automation of virtual corrections
GOLEM (semi-numerical form factor decomposition)
Binoth, Guillet, Heinrich, Pilon, Reiter ‘08
BlackHat (unitarity and multi-particle cuts)
Berger, Bern, Dixon, Febres Cordero, Forde, Ita, Kosower, Maitre ‘08

CutTools (reduction at integrand level) Ossola, Papadopoulos, Pittau ‘07
Rocket (gen. D-dim. unitarity) Giele, Zanderighi ‘08
Samurai (gen. D-dim. unitarity) Mastrolia, Ossola, Reiter, Tramontano ‘10

+ more packages in development Lazopoulos ‘09; Giele, Kunszt, Winter ‘09;
Melnikov, Schulze ‘10; Gluza, Kajda, Riemann, Yundin ‘10; ...
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Tools

» New
combination of virtual (CutTools) and real (MadFKS) contributions into

automated NLO package: MadLoop

Hirschi, Frederix, Frixione, Garzelli, Maltoni, Pittau ‘11
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Amazing progress

# (Almost) industrial effort to calculate all 2 — 3 processes of interest for
LHC

# Current frontier 2 — 4 (2 — 5) processes
o pp — W=+ +3 jets Ellis, Melnikov, Zanderighi ‘09; Berger, Bern, Dixon et al. ‘09
s pp — W+ +4 jets Berger, Bern, Dixon et al. ‘10 «— 7-pt-functions
o pp — Z + 3 jets Berger, Bern, Dixon et al. ‘09
e

pp — ttbb Bredenstein, Denner, Dittmaier, Pozzorini ‘09, Bevilacqua, Czakon,
Papadopoulos, Pittau, Worek ‘09

pp — tt + 2 jets Bevilacqua, Czakon, Papadopoulos, Worek ‘10
pp — VVi VVjE + 2 jets Melia, Melnikov, Rontsch, Zanderighi ‘10

pp — VVi WibB Denner, Dittmaier, Kallweit, Pozzorini ‘10; Bevilacqua, Czakon,
van Hameren, Papadopoulos, Worek ‘11

pp — bbbb Binoth, Greiner, Guffanti et al. ‘09

ete” —5 jets Frederix, Frixione, Melnikov, Zanderighi ‘10

Sven-Olaf Moch Hard QCD at Higher Orders —p.11


http://www-zeuthen.desy.de/~moch

Recent results

® Cross sections for pp — WTW ~bb
at LO and NLO

Denner, Dittmaier, Kallweit, Pozzorini ‘10
» scale dependence greatly reduced

Sven-Olaf Moch
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Recent results

® Cross sections for pp — WTW ~bb
at LO and NLO

Denner, Dittmaier, Kallweit, Pozzorini ‘10
» scale dependence greatly reduced

o K-factors in distributions not uniform
(e.g. invariant mass M, of

positron—b-jet system

Sven-Olaf Moch
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Recent results

® Cross sections for pp — WTW ~bb
at LO and NLO

Denner, Dittmaier, Kallweit, Pozzorini ‘10
» scale dependence greatly reduced

o K-factors in distributions not uniform
(e.g. invariant mass M, of

positron—b-jet system

# Distributions for pp — W= + 3 jets
Berger, Bern, Dixon et al. ‘09

» Issue of scale choice
pw=EWY orpu=Hrp
» good convergence with
Hp= Y EP¥O"™ L gty EY

partons

W

p P p P
| // \ \
L/l
Sven-Olaf Moch J1
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Precision observables at NNLO

# Color-neutral final states
# productions of gauge bosons Wi/Z or Higgs

o fully differential kinematics Anastasiou, Melnikov, Petriello '05; Grazzini ‘08;
Catani, Cieri, Ferrera, de Florian, Grazzini ‘09 Gavin, Li, Petriello, Quackenbush ‘10

# Colored (heavy and light)final states
o NNLO is current frontier of technology

P Di-jets at NNLO [ Computing hadronic cross sections through ]
: : NNLO R. Boughezal
o Iimpact of jet data on PDFs ’

o subtraction formalism Nigel Glover, Pires ‘10; Boughezal, Gehrmann de Ridder,
Ritzmann ‘10; Anastasiou, F. Herzog, A. Lazopoulos ‘10; Bolzoni, Somogyi, Trocsanyi
‘10

# Heavy-quark pair-production at NNLO
s hadronic ¢¢-production (— much activity)

s DIS (complicated by additional scale Q?):
rely on approximations (threshold, OPE for Q2 > m?)

[ Three-loop corrections for F's¢ F. Wissbrock ]
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Hadronic top-pair production: theory status

# Two-loop virtual corrections for qg — ¢t and gg — tt

s small-mass limit m? < s, t, u Czakon, Mitov, S.M. 07
o complete IR singularities Ferroglia, Neubert, Pecjak, Yang ‘09

s analytic results for n ;-terms and leading color Bonciani, Ferroglia,
Gehrmann, Maitre, Studerus ‘08, Bonciani, Ferroglia, Gehrmann, Studerus ‘09,
Bonciani, Ferroglia, Gehrmann, Manteuffel, Studerus ‘10;

o numerical result for gg — tt Czakon ‘08

o one-loop squared terms (NLO x NLO)
Anastasiou, Mert Aybat ‘08; Kniehl, Merebashvili, Kérner, Rogal ‘08

# Complete one-loop corrections to ¢¢ in association with jets
» tt+ 1 jet at NLO Dittmaier, Uwer, Weinzierl ‘07-'08; Melnikov, Schulze ‘10

# Real radiation ¢q/gg — tt + 2 partons

o development of subtraction formalism (including hadronic initial

states and massive final states)
Abelof, Gehrmann-De Ridder, Ritzmann ‘10, Czakon ‘11
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Renormalization group evolution of collinear
Phenomenology beyond NLO
# Use universal features of soft/collinear regions of phase space
» double logarithms from singular regions in Feynman diagrams

» propagator vanishes for: £, = 0, soft 6,, = O collinear
1 1

1
(p+k)2 — 2p-k  2E.E4(1—cosfy)
1
d*k dE4dsin6
/ p—|—k s / g &5 Yag 2E4FE4(1 — cosfqg)
— Qs ln2(. )

and infrared divergences N. Kidonakis
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Phenomenology beyond NLO

# Use universal features of soft/collinear regions of phase space
» double logarithms from singular regions in Feynman diagrams

» propagator vanishes for: £, = 0, soft 6,, = O collinear
1 1

1
p+k - 2p-k 2E4E4(1 —cosfyg)
1
B s
/d g p—|—k s /d g dsin g 2E4FE4(1 — cosfqg)
— Qs ln2(...)

Threshold resummation
# All order resummation of large threshold logarithms

Renormalization group evolution of collinear
and infrared divergences N. Kidonakis

o In*"(3) —— o In®"(N) in heavy-quark velocity 3 = \/1 — 4m?/s

» resummation in Mellin space (renormalization group equation)

» long history Kidonakis, Sterman ‘97; Bonciani, Catani, Mangano, Nason ‘98;
Kidonakis, Laenen, S.M., Vogt ‘01, ...

# Upshot (see also SCET developments):

o agjesummEd ~ exp (as In2 N) + (’)(N_1 In" N)
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® Threshold resummation butions N. Kidonakis

» updates of cross section predictions based on resummation

S.M., Uwer ‘08; Cacciari, Frixione, Mangano, Nason, Ridolfi ‘08; Kidonakis, Vogt ‘08;

Beneke, Czakon, Falgari, Mitov, Schwinn ‘09;

Ahrens, Ferroglia, Neubert, Pecjak, Yang ‘10; ‘11 [ Global analysis of J/psi production at NLO in ]
o coulomb corrections NRQCD B. Kniehl

Hagiwara, Sumino, Yokoya ‘08; Kiyo, Kihn, S.M., Steinhauser, Uwer ‘08

Top-quark phenomenology [

Top-quark cross sections and differential distri- ]
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Top-quark phenomenology [

#® Threshold resummation
» updates of cross section predictions based on resummation
S.M., Uwer ‘08; Cacciari, Frixione, Mangano, Nason, Ridolfi ‘08; Kidonakis, Vogt ‘08;
Beneke, Czakon, Falgari, Mitov, Schwinn ‘09;
Ahrens, Ferroglia, Neubert, Pecjak, Yang ‘10; ‘11 [ Global analysis of J/psi production at NLO in ]

» coulomb corrections NRQCD B. Kniehl
Hagiwara, Sumino, Yokoya ‘08; Kiyo, Kihn, S.M., Steinhauser, Uwer ‘08

Top-quark cross sections and differential distri-
butions N. Kidonakis

Resummation

# Matching of NLO calcualtion to parton showers
higher orders N parton shower # 0

® MCNLO Frixione, Webber ‘06 POWHEG Frixione, Nason, Oleari ‘07

# General framework: POWHEG box Alioli, Nason, Oleari, Re ‘10
o V +1 jet production in POWHEG Alioli, Nason, Oleari, Re ‘10
» |et-pair production in POWHEG Alioli, Hamilton, Nason, Oleari, Re ‘10

o tt+ 1 jet production with NLO parton showering
Kardos, Papadopoulos, Trocsanyi ‘11

# Moretocome...
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butions N. Kidonakis

Top-quark phenomenology [

#® Threshold resummation
» updates of cross section predictions based on resummation
S.M., Uwer ‘08; Cacciari, Frixione, Mangano, Nason, Ridolfi ‘08; Kidonakis, Vogt ‘08;
Beneke, Czakon, Falgari, Mitov, Schwinn ‘09;
Ahrens, Ferroglia, Neubert, Pecjak, Yang ‘10; ‘11 [ Global analysis of J/psi production at NLO in ]

» coulomb corrections NRQCD B. Kniehl
Hagiwara, Sumino, Yokoya ‘08; Kiyo, Kihn, S.M., Steinhauser, Uwer ‘08

Top-quark cross sections and differential distri- ]

Resummation
# Other kinematical regimes
o small x

o small Inpp

( \ ( . - \
Time-like small x resummation for Fragmenta- QCD resummation for new variables to study
tion Functions P. Bolzoni dilepton transverse momentum S. Marzani

\ J g J

( ™ ( . . )
The high-energy resummation of rapidity func- Jet masses and jet shape calculations for the

| tions S. Marzani ) LHC M. Dasgupta

G J
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Non-perturbative parameters

Input for collider phenomenology

# Parton distribution functions
# Strong coupling constant as (M yz)

# Masses of heavy quarks m., my, mq
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Parton distribution functions

=
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IR NNLO, Q%= 4 GeV?
O_’ L __ ABKMO09
X 14t IR

[@)) L MSTWO08
< HERAPDF

12 +

(@)

X

#® Gluon distribution at low scales Q = 2 GeV

o comparison from NNLO fits (uncertainties bands at 1)
Alekhin, Blumlein, Jimenez-Delgado, S.M., E. Reya ‘10
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Parton distribution functions

18 -

16
NNLO, Q? = 25600 GeV?
ABKMO9
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xg(% QAXIX,Q%) agens
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08

(b)

10 10
X
#® Gluon distribution at high scales Q = 160 GeV

o comparison from NNLO fits (uncertainties bands at 10)
Alekhin, Blumlein, Jimenez-Delgado, S.M., E. Reya ‘10
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Parton distribution functions
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#® Gluon distribution at high scales Q = 160 GeV

o comparison from NNLO fits (uncertainties bands at 10)
Alekhin, Blumlein, Jimenez-Delgado, S.M., E. Reya ‘10

# Implications for Higgs predictions at LHC
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Parton distribution functions
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Kinematics
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6 || NMCpd
10 S x MG
E| + sLac
C| + BcDMS
HERAI-AV
10° & CHORUS
E| e FLH108
C| ® NTVDMN
:\'.— | X ZzEus-H2
210°E o e _
O E| % DYE6O5 S
=, C| + DvEsss ()
NS - CDFWASY Q)
o 3| CDFZRAP =
=~ 10 = DOZRAP ©
s fl oo
No,102 §_ .............................................
1_ 1 IIIIIIIi 1 IIIIIIIi 1 IIIIIIIi 1 1 IIIIIIi 1 |
10° 10* 10° . 107 10" 1
# Kinematics of data used in PDF fits;

e.g. NNPDF (left)
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-7 -6 -5 -4 -3 -2 -1

10 10 10 10 10 10 10 1

X

® QCD volution of PDFs in Q? over three orders from DIS and

fixed-target data to LHC energies
» evolution to NNLO accuracy required

Sven-Olaf Moch
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data/fit

Tevatron jet data (DO) — 1-jet inclusive

DO Run Il inclusive jet data (cone, R = 0.7)
MSTW 2008 NLO PDF fit (u_ =p_= piET), X2 = 114 for 110 pts.

DO(jet) - NNLO(evoI) +NNLO,,

approx

(coeff)

L ABKMO09

1‘55 ABKM09+DO0(1jet) 5
1 3+++++++W+++++++++++*+ T 1

0.5 _— Y=0.20 0.5

§ﬁmmmﬁg ﬁ
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B m@,ﬁt&@ﬂﬁﬁgﬁ j ﬁﬁﬁiﬁiﬁﬁwﬁ#

sk Y=1.00 o Y=1.40
- 1 111 | | I I | - 1 111 | | I
1.5 1.5 f— ?
1 MM%% 1 M |
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E 1 111 | | | I I | - 1 111 | | | I
2

10

10°

E; (GeV)

Data / Theory

Data / Theory

Data / Theory
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JET
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14f
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229 QQQQOOO°9°99°°°Q{I> Jf
1f oo R
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0‘6;_ ° With systematic uncertainties
0.4t ‘2
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“E
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JET
16—08<|y |<1.2
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o ore® desas iy
oaf }
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2:
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# PDF fits to Tevatron jet data (with NNLOapprox COIT. Kidonakis, Owens ‘01)
Alekhin, Blumlein, S.M. ‘11 (left); MSTw ar Xi v: 0901. 0002 (right)

» 3-flavor PDFs for DIS, 5-flavor PDFs for jets, scale jir = puy = Er

Sven-Olaf Moch
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data/theory

Tevatron jet data (DO) — di-jet invariant mass

DO(2jet) - NLO(evol) + NL O(coeff)

- ABKMO09 s b - - -
“E I “F 2 2-5;_ lyl . <0.4 F 0.4<|y| <08 - 0.8<yl ., <12
§889F 488ak53 J00] | BEEEE Edaga g4 3 s_
ILLIT - o % 16E - 2
F F T 1.4F P - o -
SE v=020 0.5 ~ Y=0.60 { Qk ] . 3 s 3
- I ool - I Lol O;;‘;’-‘w‘,i}J -1 :ﬁi’footfl L :
: F 0.6F E 5 =1.96 TeV
5 s 04F D@, L=07f" E R =07 -
E E 0.2 ) ) ) |;._.I..C(.Jnle...I....I...I...I....I.:_. Ll
- = 2-5: 1. 2 |y|max 1.6 ;1.6 <yl . <20
F F 1.8f -
*F vy=1.00 I y=140 ig S0k P o
- L] - ! IRy 12b -‘j';‘ - 3 Pte 3 < ‘
L 1F - s L
5 0.8- : - i
- 0.6F e Dpata/NLO | — . u_variation 3 _
B 8';: [ Systematic Uncertainty | - - - MSTW2008 Uncertainty 2.7 CTEQO.6 w/ / Uncertainty
E 02040608 1 1214 0204 0608 1 1214 02040608 1 1214
5 : M,; [TeV]
“F Y=180 - Y=2.20
E | I | | F | | | | I I | |
3
10
M, (GeV)

# Predictions for Tevatron di-jet data (no NNLO corrections known)
Alekhin, Blumlein, S.M. ‘11 (left); DO coll. ar Xi v: 1002. 4594 (right)

# Uncertainty due to missing NNLO corrections; scale i = py = My
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Strong coupling constant

d4Q)

0.4

Sven-Olaf Moch

v" World average of o, expressed at the energy scale

o : results and running

DANIELE BONACORSI
University and INFN, Bologna

0.5

0.3+

of the rest mass of the Z, determined from analyses DIS [pol strct. fcm] -—b—-
based on complete NNLO pt-QCD, yields: g:g Egilh_?snénf -
aﬂ (Mz) — 0.1 184 i 0.0031 Eg&_ r-decays [LEP] _dl_
» xFs [9-L 3] —.—
Theory | g g g\ g F, [e-,p-DIS] ray
z Z Z jets & shapes [HERA] —4——
L T QQ + lattice QCD ~ —o
& 1= Y decays ——
o . & & [Thdy &
2 mp € @ [jets & shapes 22 GeV] H—o—
AGL FITE) & 'Y | erefjets & shapes 35 GeV]
Mev--- 0.1214 | 8 o s B v
:f; s T g €€ “eis & shapes 44 GeV]
178 MeV—- 0.11 ;er_lf;b “:“"’” WA, R -
WD Pp --> X =0 . ] TEfﬁ{‘RGN
( pp -->jets) —o—
P( > had) [LEP] .
€ @ [scaling. viol ] o
jots & shapes 91.2 GeV [LEP] w—o—
LEP{ | jets & shapes 133 Gev i
jots & shapes 161 GeV /=4
jets & shapes 172 GeV  (—o—1 LEP2
jets & shapes 183 GeV —=o—
bniees crmRiadtori B S s
008 O0.10 0.12 0.14
dhs(M2)
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Strong coupling constant

_§__

T-decaygN3LO)

Quarkonia(lattice) 'e)

Y decaygNLO) : Io
DIS F, (N3LO) —O— i
DIS jets(NLO) ,_:o_|

ete jets & ShpgNNLO) l—o-:—|

electroweak fitgN3LO) ._:o_.
e'e” jets & shapegNNLO)  b—o0—

011 012 013
as(My)

# World average
as(My) = 0.1184 4 0.0007
Bethke ar Xi v: 0908. 1135

Sven-Olaf Moch

—~, 013
Zhoazs ® NNLO(unp) N*LO(unp)
0.12 |- A,
0.115 -
LI :
011 |-
0.105 |- A NLO
- —— World Average (2009) (pol)
B ez FEB8a L8 8
2853 £5o58 2L

# Compilation of as(Mz) values from DIS
Blumlein, Bottcher ar Xi v: 1101. 0052

® as(My) =0.1135+0.0014 at NNLO
ABKM ‘09
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Strong coupling constant

T-decaygN3LO)
Quarkonia(lattice)
Y decaygNLO)
DIS F, (N3LO)
DIS jets(NLO)

ete~jets & ShpgNNLO) ——O+—
|

_§__

IOl
[

—O0—

—O—

)
19
|
|
|
|
|

electroweak fitgN3LO) —o—!
e'e” jets & shapegNNLO)  b—o0—
0.11 0.12 0.13

# World average

as(My) = 0.1184 4+ 0.0007
Bethke ar Xi v: 0908. 1135

as(My)

® also other determinations:

as(Myz) = 0.1161 + 0.0045 (NLO)
from Tevatron jet data Do Coll. ‘10

Sven-Olaf Moch

® — NNLO event shape moments, analytic power corr.

(JADE/OPAL: Gehrmann, Jaquier, Luisoni)

NNLO+N3LLA thrust, shape function

S (LEP/PETRA/SLD/AMY: Abbate et al.)
NNLO+N3LLA heavy jet mass | PY
(ALEPH/OPAL: Chien, Schwartz) ' '
NNLO+N3LLA thrust
H——— (ALEPH/OPAL: Becher, Schwartz)
Ps L NNLO three-jet rate
Bk (ALEPH: Dissertori et al.)
S : | NNLO+NLLA event shapes

(JADE: Bethke et al.)

NNLO+NLLA event shapes

[ - ! | @ |
[ (ALEPH: Dissertori et al.) ! ' !
[ PDG 2010: NNLO event shapes exp.  th
- 0.1184 +0.0007 (ALEPH: Dissertori et al.) } } L }
[ ! ! ! ! ! ! ! ! 1 ! ! 1
0.115 0.12 0.125

0.11

o Compilation of as(My) values from

ete” — 3 jets Gehrmann ‘11

as(My) = 0.1135 + 0.0002(exp) +
0.0005(had) = 0.0009(pert)

at NNLO + NNLL res.
Abbate, Fickinger,Hoang, Mateu, Steward ‘10
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Heavy-gquark masses

1 : :
L = _ZFWFW‘F Z q(ip —mq)q, Dy = 0p +1igs Ay

flavors

# QCD Lagrangian with formal parameters (no observables)
s strong coupling as = g2/ (4m)
as — asymptotic freedom, running coupling (M S scheme)
» (uark masses my
mgq — pole mass or running mass (M .S scheme)

Sven-Olaf Moch Hard QCD at Higher Orders — p.24


http://www-zeuthen.desy.de/~moch

Heavy-gquark masses
1 , . .
L = _ZF/WFM + > q(ip—mg)q, Dy = 0p +1igs Ay

flavors

# QCD Lagrangian with formal parameters (no observables)
s strong coupling as = g2/ (4m)
as — asymptotic freedom, running coupling (M S scheme)
» (uark masses my
mgq — pole mass or running mass (M .S scheme)

Schemes (in a nut shell)

# Pole mass scheme
» based on (unphysical) concept of heavy-quark being a free parton

g
ﬁ_ mq — E(p7 mQ)
pm; £

» pole mass measurements are strongly order-dependent

# M S mass definition m () realizes running mass
» short distance mass probes at scale of hard scattering
» scale dependence greatly reduced
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Quark masses in PDF fits
# Choice of value for heavy-quark masses part of uncertainty

# PDF fits assume pole mass scheme for heavy-quarks

» numerical values systematically lower than those from PDG
(2-loop conversion to pole mass)

[GeV] PDG ABKM | GJR | HERAPDF | MSTW | CT10 | NNPDF2.1
me | 1.66 7092 1 1.5 T62% 1 1.3 1.4 1.3 1.3 1.41
my | 4791053 | 457102 | 4.2 4.75 4.75 | 4.75 4.75

Sven-Olaf Moch
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Quark masses in PDF fits
# Choice of value for heavy-quark masses part of uncertainty

# PDF fits assume pole mass scheme for heavy-quarks
» numerical values systematically lower than those from PDG

(2-loop conversion to pole mass)

Charm structure function

F, ™™ (ABKM_3 NNLO) LO
Q% =10 GeV? x = 10
W=Q%+4m2 NNLO

approx

# Running quark masses in DIS
» Improved convergence
» reduced scale dependence

# Comparison with pole mass scheme

1.5 2
pole mass m_ (GeV)
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Quark masses in PDF fits

# Choice of value for heavy-quark masses part of uncertainty

# PDF fits assume pole mass scheme for heavy-quarks
» numerical values systematically lower than those from PDG

(2-loop conversion to pole mass)

Charm structure function

F, ™™ (ABKM_3 NNLO) LO
Q% =10 GeV? x = 10
W=Q*+4m2 NNLO

approx

1 1.5 2
running mass m_(m,) (GeV)

Sven-Olaf Moch

# Running mass

# Direct determination of m.(m¢)

Alekhin, S.M. ‘10

NLO
1.26 £+ 0.09 (exp) 4+ 0.11 (th) GeV

1.01 + 0.09 (exp) + 0.03 (th) GeV

PDG quotes running masses:
me(me) = 1.2770°97 Gev

Implicit as (M) dependence in mq(m¢)
determination from QCD sum rules
Dehnadi, Hoang, Mateu, Zebarjad ‘11
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Related parallel contributions

Running mass definition for DIS S. Alehkin

-
NNLO contributions to heavy-quark scattering
| in SACOT scheme M. Guzzi

\

Sven-Olaf Moch

|

D- and B-hadron production at NLO in the
GM-VFN scheme vs. LHC data B. Kniehl

|

MSTW on HQ R. Thorne
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Running top-quark mass
#® Direct determination from total cross section Langenfeld, S.M., Uwer ‘09
s MS massm = 160.0753GeV
s conversion to pole mass m; = 168.9152GeV

» world avergage m; = 173.3711GeV

| LA B AL B | |
16 .
14 L Tevatron ]

I MSTW 2008 NNLO

L [ s NLO ]

o) I [E— NNLOapprox

& L

o 10 _
8 - - + 7777777777 -
6 — -
4 PR R S N TR S S N S U L L L PR I S T E T T L

140 145 150 155 160 165 170 175 180
m(m)
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o [pb]

Running top-quark mass
#® Direct determination from total cross section Langenfeld, S.M., Uwer ‘09
s MS massm = 160.0753GeV
s conversion to pole mass m; = 168.9152GeV

# Implications for indirect Higgs searches
# constraints on My from electroweak precision data

experimental errors 68% CL.:

T T T T T T T 80.70~ N
] - LEP2/Tevatron (today) i
: m, from running mass (Langenfeld, Moch, Uwer '09) :
Tevatron ] 80.60
MSTW 2008 NNLO ] i
B s NLO ] % 8050
EEEN NNLO, ., ) -
=
i 7 =
oo + ******** 80.40
i b 80.30 —
SM 7
MSSM i
s ‘ both models ]
140 145 150 155 160 165 170 175 180 80.20 —
m(m) | Heinemeyer, Hollik, Stockinger, Weber, Weiglein ’09:

160 165 170 175 180 185
Sven-Olaf Moch Harq-ﬁtClZGg’quer Orders —p.27
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Conclusions

# QCD is mature theory
# Predictions with unprecedented precision
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Conclusions

# QCD is mature theory
# Predictions with unprecedented precision

Perturbative calculations
# NLO corrections for large number of multileg processes

# Resummation: merging NLO and parton showers;
threshold or In p resummation to NNLL; SCET

# NNLO current frontier in collider phenomenology:
di-jets, DIS 1-jet inclusive, ¢t hadro-production, etc.

Non-perturbative input
# Parton distributions in the focus: NNLO to become industry standard
o Values of as(My): some tension with world average

# heavy quark masses: study of scheme dependence required by
precision of experimental data

Sven-Olaf Moch Hard QCD at Higher Orders — p.28


http://www-zeuthen.desy.de/~moch

Acknowledgments

Many thanks
# for discussions on the content of this presentation to
S. Alekhin
J. Blumlein
T. Gehrmann
Apologies

# for incomplete coverage of topics

# for missing valuable references

Sven-Olaf Moch Hard QCD at Higher Orders — p.29


http://www-zeuthen.desy.de/~moch

	Historical perspective
	Introduction
	Higgs (I)
	Higgs (II)
	Higgs (III)
	Higgs searches
	Progress in perturbative QCD
	Multiparticle production at NLO
	Tools
	Amazing progress
	Recent results
	Precision observables at NNLO
	Recent theory (I)
	Recent theory (II)
	Resummation
	Non-perturbative parameters
	PDFs
	Kinematics
	Tevjets 1-jet inclusive
	Tevjets di-jets
	Strong coupling constant
	Strong coupling constant
	Heavy-quark masses
	Running mass in DIS
	Parallel contributions
	Running top-quark mass
	Conclusions
	Acknowledgments

